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Abstract. Various forms of hydrogenated graphene have been produced to date by several 
groups, while the synthesis of pure graphane has not been achieved yet. The study of the 
interface between graphane, in all its possible hydrogenation configurations, and catalyst metal 
surfaces can be pivotal to assess the feasibility of direct CVD growth methods for this material. 
We investigated the adhesion of graphane to a Cu(111) surface by adopting the vdW-DF2-C09 
exchange-correlation functional, which is able to describe dispersion forces. The results are 
further compared with the PBE and the LDA exchange-correlation functionals. We calculated 
the most stable geometrical configurations of the slab/graphane interface and evaluated how 
graphane’s geometrical parameters are modified. We show that dispersion forces play an 
important role in the slab/graphane adhesion. Band structure calculations demonstrated that in 
presence of the interaction with copper, the band gap of graphane is not only preserved, but 
also enlarged, and this increase can be attributed to the electronic charge accumulated at the 
interface. We calculated a substantial energy barrier at the interface, suggesting that CVD 
graphane films might act as reliable and stable insulating thin coatings, or also be used to form 
compound layers in conjunction with metals and semiconductors. 
1.  Introduction 
Graphane is a two-dimensional hydrocarbon constituted by graphene fully-hydrogenated on both sides 
of the plane. As an effect of hydrogenation, carbon atoms are displaced onto two distinct planes, 
where each carbon atom has three single bonds with carbon atoms and one single bond with a 
hydrogen atom out of plane. Since the structure is not planar, graphane can form conformational 
isomers. The “chair” is the conformer with the lowest total energy: it alternates one H atom up and one 
down among first-neighbor C atoms. The other isomer we consider is the “boat” conformer, which has 
two H atoms alternated up and down among C dimers. The atomic configuration of graphane is related 
to the modification of the carbon atom hybridization from sp2 into sp3, giving it semiconductor 
properties rather than semi-metallic, as for graphene. Density functional theory (DFT) calculations 
have estimated that graphane has a direct band-gap of 3.5 eV at the  point [1]. However high-level 
calculations based on the GW method predict band-gap values of 5.4 eV [2,3], 5.7 eV [4] and 6.1 eV 
[5]. Moreover, the presence of C–H bonds makes possible further chemical modification, thus paving 
the way to the realization of functionalized graphene. 
Graphane has been demonstrated to be more stable than benzene, the emblem molecule of organic 
chemistry [6-7]. Nevertheless it has not been synthesized in laboratory yet, probably because of the 
large energy barriers from the reactant elements to the transition states [7]. However, hopefully in the 
  
Interface of graphane with copper: a van der Waals density-functional study 
 
 
 
next future a route for the systematic and reproducible production of graphane monolayers will be 
found. It is possible to envisage that graphane synthesis might be achieved with the same two possible 
approaches used for hydrogenated graphene: bottom-up and top-down. The bottom-up approach would 
involve the direct synthesis of hydrogenated graphene by using chemical vapor deposition (CVD). In 
the top-down approach instead, hydrogenated graphene is obtained by hydrogenation of graphene in 
hydrogen gas/plasma environment [8-10]. Unfortunately, theoretical calculations [11] predict that after 
the graphene hydrogenation process, only graphane domains of limited size are formed due to the 
formation of uncorrelated H frustrated domains in the early stages of the hydrogenation process. 
Therefore the bottom-up approach appears to be the most viable for the direct synthesis of pure 
graphane, rather than the top-down. Within the bottom-up approach, the plasma-assisted CVD in high 
vacuum of graphane-like films on Ti/Cu substrates at the temperature of 650°C has been reported [12].  
Looking forward to the direct CVD synthesis of graphane, in the present paper we want to clarify, 
with the support of density functional theory (DFT) calculations, the nature of the interaction between 
graphane and the surface of the copper growth substrate. The investigation into the structural 
properties of copper evidences that a Cu(111) surface exhibits the symmetry and distances required to 
overlap with the lattice of both graphene and graphane. This makes possible the coordination 
mechanism required for the assembly of honeycomb structures on top of the Cu(111) surface, in 
analogy with what was found for Co(111), Fe(1-10) and Ni(111) surfaces [13]. For instance, it is well 
known that high quality graphene can be grown on copper foils by CVD with various precursors [14]. 
In this work, we investigate the adhesion of graphane to a Cu(111) surface by DFT calculations, using 
an exchange-correlation functional able to describe dispersion forces (also referred to as van der Waals 
interactions). Despite being usually referred to as a 'weak force', dispersion plays in fact a key role in 
the assembly of nanostructured materials. 
The questions we try to answer with the help of our calculations are the following: 1) Which are the 
most stable bonding configurations of boat and chair conformer to a Cu(111) surface, and are the 
atomic position rearrangements important? 2) How strong is the adhesion of graphane compared to 
that of graphene on the same surface? 3) Which are the effects of the interaction with the metal surface 
for graphane’s electronic properties? 4) How is rearranged the electronic charge as a consequence of 
the graphane/metal interfacing and how large are the metal-insulator energy barriers so created? 
Answering to the above questions can help to determine the stability of graphane onto a copper 
growth substrate, giving insights into the dehydrogenation and decomposition processes at high 
temperature. 
The paper is organized as follows: a brief theoretical section with computational details is 
introduced before results and discussion, where the geometrical and electronic structures are discussed 
in details. Finally, we analyze the density of charge and the electrostatics at the interface. 
2.  Computational details 
The computational approach was based on a pseudopotential planewave method using PWSCF code 
as implemented in the QUANTUM-ESPRESSO package [15]. We used the vdW-DF2-C09 exchange-
correlation functional that adds the vdW-DF2 correlation of Lee et al. [16] to the C09 exchange 
functional [17]. The vdW-DF2-C09 functional has been demonstrated to be able to include non-local 
interactions, so that an accurate description of dispersion force for interfaces of graphene related 
materials with metals is possible [18]. The results of the calculations based on this functional are 
compared with those using the generalized gradient approximation (GGA) with the Perdew, Burke and 
Ernzerhof (PBE) exchange-correlation functional [19] and the local density approximation (LDA) 
using the Perdew and Zunger exchange-correlation functional [20]. It is well known that within PBE 
approximation binding energies are underestimated and bond lengths are overestimated, while LDA 
overestimates binding energies and underestimates bond lengths. The pseudopotential plane-wave 
calculations were performed using Vanderbilt ultrasoft pseudopotentials [21]. 
All geometry optimizations were performed with cut-off for the wave functions of 30 Ry, cut-off 
for the charge density of 300 Ry and 6×6×1 Monkhorst-Pack grid. The final self-consistent 
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calculations of the optimized structure properties used a cut-off for the wave functions of 40 Ry, a cut-
off for the charge density of 400 Ry and 12×12×1 Monkhorst-Pack grid. The Cu(111) surface was 
modelled by the repeated slab geometry which contains six Cu atomic layers with the in-plane 2×2 
unit cell for the chair conformer and √ ×1 unit cell for boat conformer adhesion. The vacuum gap 
between the topmost H atom and the next slab was set to 20 Å. The hydrocarbon structure and the top 
four copper layers were fully relaxed with a convergence threshold of 0.001 Ryd/Å on the interatomic 
forces. We optimized the unit cell of the isolated graphane conformers for each exchange-correlation 
functional by imposing that the stress on the cell is less than 0.02 GPa. The results reported for 
geometries and energies are referred to the functional including dispersion forces, unless when it is 
diversely specified. 
 
3.  Results and discussion 
3.1.  Optimized structures 
We relaxed six different adsorption geometries for each of the chair and boat conformers on top of a 
Cu(111) slab (refer to Supplementary Information for further details). We discuss the geometrical 
structures of the most stable configurations. The geometries with the lowest total energy of chair and 
boat conformers are shown in Figure 1. The lattice parameters of the chair (boat) conformer were 
expanded by 0.006% (1% along x-axis and 3% along y-axis, referring to the reference system in 
Figure 1c) to match the surface periodicity of the Cu slab. The chair-graphane has a change of binding 
energy over the examined configurations around 0.12 eV. In the most stable configuration a C-H bond 
(with H pointing towards copper surface) is perpendicular to the surface and on the top of every first 
layer Cu. The boat-graphane has a change of binding energy over the examined configurations around 
0.02 eV. We have three stable and equivalent configurations in which one H atom over two in every 
unit cell is on the top of a Cu atom in the first layer. For the self-consistent calculation of the 
electronic properties we selected one of them. 
 
Figure 1. Atomistic periodic model after optimization of the interface of chair 
conformation of graphane with the Cu(111) slab in (a) top view and (b) side view. The 
same is shown for the boat conformation as (c) top view and (d) side view. Only the 
first three copper layers are shown. 
 
For comparison in Table 1 (Table 2) the geometrical parameters of isolated chair-graphane (boat-
graphane) are reported, as predicted by vdW-DF2-C09, LDA and PBE functionals calculated at the 
same level of accuracy of the full systems. In the boat conformer we report two C-C lengths because 
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we have two different kinds of bonds. The geometrical parameters  of the final geometries associated 
to the most stable configuration of chair-graphane (boat-graphane) on Cu(111) surface are shown in 
Table 3 (Table 4) for the different exchange-correlation functionals adopted. The results show that the 
graphane geometry exhibits poor sensitivity to functional choice and to metal/surface interaction. For 
example, the largest change of the C-C bond length is 0.03 Å. The thickness of the graphane, defined 
as the difference of the z-coordinate of top and bottom H atom, and indicated by z, does not 
experience important changes due to the interaction with the substrate. Instead the geometrical 
parameter that suffers strong dependence on the functional choice is the minimal Cu-H distance, with 
a maximal variation of 0.75 Å. In agreement with the well known behavior of LDA and PBE 
functional mentioned before, the lowest Cu-H length is given by LDA. On the other hand the vdW-
DF2-C09 functional gives intermediate values between LDA and PBE, but closer to LDA predictions. 
In general, it is also evidenced that the bottom C-H bonds, nearest to the Cu(111) surface, are larger 
than the top C-H bonds, with a maximal difference of 0.02 Å. This effect indicates some attraction 
from the underlying metal to the H atom, and this is verified for each functional, albeit the effect is 
stronger for LDA. 
We compared the adhesion energy of chair-graphane and graphene on a Cu(111) slab. The adhesion 
energy is defined as the binding energy divided by the unit cell surface area. We found that the 
adhesion energies are very close to each other: 0.217 eV/Å2 for graphane and 0.219 eV/Å2 for 
graphene. This is not surprising because graphene forms a weak bond with a Cu(111) surface at a 
distance of 2.95 Å. The adhesion energy of boat-graphane was calculated to be 0.258 eV/Å2, again 
comparable to graphene’s. The vdW-DF2-C09 and LDA functionals give similar binding energy. The 
PBE functional instead estimates a much lower binding energy, which corresponds to a large length of 
the C-H bond. 
 
Table 1. Geometrical parameters and band gap Eg of chair conformation for isolated 
graphane by varying the exchange-correlation functional. Bond lengths are in 
Ångstrom, angles are in degrees. 
Functional d(C-C) d(C-H) z a(C-C-C) Eg (eV) 
LDA 1.52 1.11 2.69 111.66 3.35 
PBE 1.54 1.11 2.68 111.26 3.33 
vdW-DF2-C09 1.53 1.12 2.70 111.21 2.92 
 
Table 2. Geometrical parameters and band gap Eg of boat conformation for isolated 
graphane by varying the exchange-correlation functional. Bond lengths are in 
Ångstrom, angles are in degrees. 
Functional d(C-C) d(C-H) z a(C-C-C) Eg (eV) 
LDA 1.52-1.55 1.12 2.77 113.00 3.21 
PBE 1.54-1.57 1.11 2.77 112.82 3.21 
vdW-DF2-C09 1.53-1.57 1.11 2.78 111.72 2.84 
 
 
 
 
 
 
 
Table 3. Geometrical parameters, band gap Eg and binding energy EB of the most stable 
chair conformation for graphane onto Cu(111) by varying the exchange-correlation 
functional. Bond lengths are in Ångstrom, angles are in degrees. 
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Functional d(C-C) d(C-H) 
top 
d(C-H) 
down 
d(Cu-H) z a(C-C-C) Eg(eV) EB(eV) 
LDA 1.54 1.12 1.14 2.13 2.69 112.25 4.47 -0.54 
PBE 1.54 1.11 1.12 2.88 2.68 111.66 3.81 -0.04 
vdW-DF2-C09 1.54 1.12 1.13 2.26 2.70 111.18 3.65 -0.55 
 
Table 4. Geometrical parameters, band gap Eg and binding energy EB of the most stable 
boat conformation for graphane onto Cu(111) by varying the exchange-correlation 
functional. Bond lengths are in Ångstrom, angles are in degrees. 
Functional d(C-C) d(C-H) 
top 
d(C-H) 
down 
d(Cu-H) z a(C-C-C) Eg(eV) EB(eV) 
LDA 1.54-1.60 1.11 1.13 2.26 2.78 113.53 4.21 -0.27 
PBE 1.55-1.60 1.11 1.11 2.71 2.77 113.14 3.79 -0.03 
vdW-DF2-C09 1.55-1.60 1.12 1.12 2.38 2.79 113.16 3.51 -0.28 
 
3.2.  Band structures and PDOS 
In Figure 2 and Figure 3 the band structure and the projected density of states (PDOS) for the most 
stable graphane conformers onto a Cu(111) surface are reported, respectively. By comparing PDOS 
associated to C and H atoms with the band structure of the full and isolated systems we were able to 
evidence the bands associated to graphane, which resulted to be very similar to the bands of isolated 
graphane. Therefore the band structure of graphane retains its gap and is not strongly affected by the 
interaction with the metal. The band gap calculated for isolated graphane is lower than that calculated 
elsewhere [1], because differently from the other authors we introduced a 17.3 Å vacuum gap to 
exclude self-interactions. The PDOS of C and H atoms is vanishing at the Fermi energy, while the p- 
and d-orbitals of Cu give a substantial contribution, so that the conduction band of graphane is not 
occupied. The only important change we found is in the band gap. It is well known that exchange-
correlation functionals based on LDA and PBE, including the vdW-DF2-C09 functional, 
underestimate the band gaps; nonetheless we will focus on the evaluation of the effects that the 
interaction with a Cu(111) surface has on graphane band gap, rather than on the gap extension itself. 
In Table 3 (Table 4) the band gaps of the chair-graphane (boat-graphane) interacting with the Cu(111) 
surface for different choices of the tested functionals are reported. They can be compared with the 
band gaps of graphane conformers modelled as isolated. The results show that the band gap increases 
with respect to the isolated graphane for every exchange-correlation functional adopted. In particular, 
the vdW-DF2-C09 functional gives the smallest band gap, while the LDA calculations result in the 
largest band gap. In the full system model the lattice parameters of graphane had to be resized in order 
to match the Cu(111) surface unit cell. However, the band gap increase cannot be attributed only to the 
expansion of the graphane unit cell. For instance, the band gap associated to chair-graphane in the 
interacting system is 3.65 eV; on the other side the band gap of the same conformer considered as 
isolated in the relaxed geometry of the slab/graphane interface, is calculated to be 3.14 eV by vdW-
DF2-C09 functional. Therefore the band gap of graphane interacting with the metal is 0.5 eV higher 
than when not interacting, keeping the same lattice parameters of the unit cell for both systems. This is 
a quite important change in the graphane’s band gap, which is due to the interaction with the Cu(111) 
slab. 
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Figure 2. Band structures of a) chair conformation and b) boat conformation of 
graphane onto Cu(111) slab. The top and the bottom of the bands associated to graphane 
are evidenced by blue color and labeled as GH. The high symmetry points of boat 
conformation are A=(-1/2,1/2,0); B=(-1/2,0,0), Y=(0,1/2,0) and =(0,0,0). The Fermi 
energy is indicated by dashed line. 
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Figure 3. Projected density of states (PDOS) of a) chair conformation and b) boat 
conformation of graphane onto Cu(111) slab. The PDOS associated to graphane and s-, 
p- and d-orbitals of copper are indicated by different colors as reported in the legend. 
The valence and conduction edges are indicated by dashed lines, the Fermi energy by 
dotted line. 
 
3.3.  Interface properties 
We can infer that the observed band gap enlargement could be attributed to the electronic charge 
rearrangement at the interface. In order to verify this guess we have calculated the electronic charge 
difference defined as the difference between the charge density of the full system and the sum of the 
charge densities associated to graphane and the Cu(111) slab (considered as isolated). In Figure 4 the 
planar contour map of the charge density difference evidences negative values near the top Cu atoms 
and the bottom C atoms, corresponding to charge depletion. By contrast, in the middle region between 
bottom H atoms and top Cu atoms the positive values indicate electronic charge accumulation and the 
formation of a faint bond between Cu and H. This electronic charge stored at the interface is at the 
origin of the found band gap enlargement. 
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Figure 4. Planar contour maps of the charge density difference at the interface of 
graphane into chair conformation with Cu(111) slab. The carbon atoms are shown in 
yellow, the hydrogen atoms in cyan and the copper atoms in brown. The mapped values 
are the highest (lowest) in the red (blue) regions. 
 
An applicative consequence of this effect is that graphane deposited on a Cu(111) surface can be 
used as insulator coating or insulating layer. It has been established that graphane is not a three-
dimensional dielectric, but it is a two-dimensional dielectric material with very weak and inefficient 
screening[22]. This means that when it is doped by removing a H atom, an hole is created which stays 
strongly localized on the hydrogen vacancy. Therefore, graphane cannot be doped as bulk 
semiconductors because induced charges are localized with the radius of the bound state in the order 
of the interatomic distance. It could be interesting to evaluate the electrostatic energy barrier at the 
interface between graphane and Cu(111). We calculated an energy barrier of 3.0 eV from the average 
electrostatic potential. The value is compatible with the energy difference of 2.2 eV between the Fermi 
level, localized on Cu atoms, and the bottom of the graphane’s conduction band. We deduce that when  
two or more graphane layers are above the copper surface, so that charge transport by tunnelling is 
negligible, reliable and stable insulating thin films could be realized. 
 
4.  Conclusions 
In conclusion, we investigated the adhesion of graphane to a Cu(111) surface by adopting an 
exchange-correlation functional able to describe dispersion forces, and compared the results with those 
found using the PBE and LDA exchange-correlation functionals. 
We calculated the most stable geometrical configurations of the slab/graphane interface and we 
found that in chair-graphane every first layer Cu atom has H atom on top, while for boat graphane in 
every unit cell one first layer Cu atom over two has H atom on top. The geometrical parameters of 
graphane are faintly modified compared to isolated graphane and have a weak dependence on the 
functional choice. The vdW-DF2-C09 functional estimated a minimal Cu-H distance of 2.26 Å. 
Although the LDA functional estimated a shorter distance of 2.13 Å, the binding energy calculated by 
including dispersion forces is greater than that estimated by the other functionals, meaning that van der 
Waals interactions play a substantial role in the slab/graphane adhesion. We found that the adhesion 
energy of graphane and graphene on Cu(111) surface are comparable because both of them form weak 
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bonds. The band structure calculations demonstrated that in presence of the interaction with copper, 
the band gap of graphane is not only preserved, but also enlarged. We attributed this increase to the 
electronic charge accumulated in the middle region between bottom H atoms of graphane and top Cu 
atoms. We calculated an energy barrier of 3.0 eV at the interface, suggesting that graphane could be 
also utilized as an insulating thin coating and/or as an  insulating layer in conjunction with metals and 
semiconductors. 
The results found in the present work paves the way to further studies aimed at understanding the 
nature of the interaction between hydrogenated carbon structures and copper. These studies are 
important to ultimately address the feasibility of the direct growth of graphane onto a catalyst metal 
surface. 
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